Introduction
============

Chemotherapy is a significant cancer treatment strategy that utilizes one or more anti-cancer drugs to prevent cancer cells from multiplying [@B1], [@B2]. However, because of high cytotoxicity and non-specificity to tumors, many chemotherapy drugs bring severe side effects, which exert pronounced suffering to patients and make them unfit for long-term therapy [@B3]-[@B5]. Currently, among the various approaches to improve the effectiveness of chemotherapy drugs, controlled drug delivery systems that can convey chemotherapeutic drugs safely and efficaciously have attracted great attention [@B6]-[@B12]. A desirable controlled release system should: 1) be easy to prepare with high purity; 2) accumulate more in cancer than normal cells; 3) exhibit minimal cytotoxicity to normal cells; 4) have favorable controlled release to prolong the acting time and avoid multiple dosing; 5) enable direct and real-time monitoring of the drug release dynamics with high accuracy in a noninvasive manner [@B13]-[@B15].

Fluorescence imaging offers numerous advantages including high sensitivity, superior spatiotemporal resolution, nondestructive assessment, convenient operation, and real-time detection [@B16]-[@B20]. To date, fluorescence imaging has been employed to get insights into either organism-drug interactions or pharmacological mechanisms by fluorescent labeling of biomolecules or drugs [@B21]-[@B23]. Meanwhile, fluorescence imaging also has been widely applied to sensitively detect ions, biomolecules, and enzymes in living systems utilizing fluorescent probes [@B24]-[@B25]. In light of the prominent merits of fluorescence imaging, controlled release drug systems labeled by fluorescent dyes could provide a striking way to directly and in real-time monitor drug release dynamics in a noninvasive manner in living cells. A general design strategy for controlled drug release systems based on dual turn-on fluorescence signals is depicted in Scheme [1](#SC1){ref-type="fig"}. The system is non-fluorescent, as it contains two quenched dyes. However, when the cleavage process is activated by cellular components or a micro-environment that closely relates to tumors, the drug is released along with two fluorophores to provide dual turn-on fluorescence readouts. This highly desirable feature of dual turn-on fluorescence may be beneficial for monitoring drug release in real-time and provide better understanding of pharmacological mechanisms, which could lead to more effective design strategies for improving the therapeutic index of these chemotherapy drugs and significantly enhance our ability to treat cancers.

Herein, we present a unique case of dual turn-on signal-based controlled release systems, in which the drug itself is fluorescent, thus, the system only needs one fluorescent dye. We demonstrate the utility of the novel system in living cell and tumor tissue imaging, highlighting the critical value of the new dual turn-on signal-based controlled release system design approach.

Experimental section
====================

Materials
---------

Unless otherwise stated, all reagents were purchased from commercial suppliers and used without further purification. ddH~2~O was used in all experiments. Dox^.^HCl were purchased from Melone Pharmaceutical Co., Ltd. Cell Counting Kit-8 was obtained from Sigma-Aldrich. NMR data were performed on a Bruker AV-400/500 spectrometer, using TMS as an internal standard; absorption spectra were obtained on a SHIMADZU UV-2700 spectrometer; HPLC chromatograms were acquired with HPLC (LC-20AT, Shimadzu, Kyoto, Japan); fluorescence spectra were obtained by a HITACHI F4600 fluorescence spectrophotometer; cell imaging was performed with a Nikon A1 MP microscope.

Synthesis of CDox
-----------------

The compound **CH** was synthesized following the previous report [@B26]. **CH** (137.5 mg, 0.5 mmol), **Dox** (289.5 mg, 0.5 mmol) and Et~3~N (505 mg, 5 mmol) were dissolved in 5 mL DMSO, then the solution was stirred at 50°C under dark condition for 72 h. The reaction mixture was purified by preparative high performance liquid chromatography (pre-HPLC) to afford pure **CDox** (16 mg). LC-MS analysis method for purity: mobile phases, water (0.01% TFA) and acetonitrile (0.01% TFA); gradient, 5% acetonitrile increase to 95% acetonitrile within 9 min, 95% acetonitrile for 6 min and back to 5% acetonitrile within 0.01 min; flow rate, 1.0 mL/min. ^1^H NMR (DMSO-d6, 400 MHz): δ 12.5 (s, 1 H), 8.7 (s, 1 H), 7.85 (m, 2 H), 7.57 (m, 2 H), 6.78 (d, J = 2.4 Hz, 1 H), 6.57 (s, 1 H), 5.12 (m, 2 H), 4.41 (m, 2 H), 4.11 (s, 1 H), 3.87 (m, 3 H), 3.41(m, 7 H), 3.14 (m, 2 H), 2.98 (m, 2 H), 2.24(m, 1 H), 1.97(m, 1 H), 1.68(m, 1 H), 1.45(m, 1 H), 0.85 (m, 16 H). ^13^C NMR (DMSO-d6, 100 MHz): δ 186.13, 174.26, 160.96, 160.65, 158.90, 157.35, 152.60, 148.58, 136.06, 136.00, 131.72, 129.61, 119.92, 118.88, 110.36, 108.67, 107.75, 100.28, 95.77, 72.14, 71.30, 71.27, 66.83, 56.49, 56.12, 46.50, 44.34, 35.08, 33.17, 31.25, 29.04, 28.84, 28.80, 28.71, 28.54, 26.51, 25.08, 22.06, 17.03, 13.92, 12.29. ESI-MS: m/z calculated for C~41~H~44~N~4~O~13~ 801.3 \[M+H\]^+^, found: 801.5.

Temperature optimization assay for CDox release
-----------------------------------------------

The temperature optimization experiments for drug release were performed with 2 μM **CDox**, which was dissolved in 4 mL of two different B-R buffers (pH 4.5 and pH 7.4, 10% DMSO). The mixtures were incubated at 25°C, 37°C and 42°C under moderate stirring. **CH** was determined using a fluorescence spectrophotometer with an emission wavelength of 488 nm and excitation wavelength of 420 nm at different time points. **Dox** was determined using a fluorescence spectrophotometer with an emission wavelength of 595 nm and excitation wavelength of 500 nm at different time points. The fluorescence intensities of free 2 μM **CH** and **Dox** acted as the complete release control. The results were expressed as the percentage of **CH** and **Dox** release versus time.

Controlled release assay of CDox in B-R buffer using fluorescence method and HPLC method
----------------------------------------------------------------------------------------

For the fluorescence method: **CDox** was dissolved in 4 mL of different B-R buffers (pH 4.5, pH 5.5, pH 6.5 and pH 7.4, 10% DMSO) at a concentration of 2 μM at 37°C under moderate stirring. **CH** was determined using a fluorescence spectrophotometer with an emission wavelength of 488 nm and excitation wavelength of 420 nm at different time points. **Dox** was determined using a fluorescence spectrophotometer with an emission wavelength of 595 nm and excitation wavelength of 500 nm at different time points. The fluorescence intensities of free 2 μM **CH** and **Dox** acted as the complete release control. The results were expressed as the percentage of **CH** and **Dox** release versus time.

For the HPLC method: **CDox** was dissolved in 5 mL of two different B-R buffers (pH 4.5 and pH 7.4, 10% DMSO) at a concentration of 0.5 mg/mL. They were incubated at 37°C under moderate stirring. At different time points, 5 μL solution was injected into an HPLC to analyze the **CH** and **Dox** concentrations using UV detection at 420 nm and 480 nm. The mobile phases of HPLC were acetonitrile/water at a flow rate of 1.0 mL/min. Elution program: gradient from 5% to 95% of acetonitrile in 15 min, maintaining to 5 min and decreasing from 95% to 5% of acetonitrile in 5 min. The absorption intensities of free **CH** and **Dox** (at a concentration of 0.5 mg/mL**)** acted as the complete release control. The results were expressed as the percentage of **CH** and **Dox** release versus time.

Measurements of two-photon cross section
----------------------------------------

The two-photon cross section was determined according to the previously reported method [@B27]. Compound **CH** (1.0 μM) was dissolved in B-R buffers (10% DMSO) at pH 4.5, 5.5 and 7.4, and then the two-photon fluorescence intensities were measured at 700-900 nm using rhodamine 6G as the reference [@B28]. The two-photon absorption cross section (*δ*) was calculated by the equation: *δ*~s~ = *δ*~r~ (*S*~s~*Φ*~r~*ϕ*~r~*c*~r~) / (*S*~r~*Φ*~s~*ϕ*~s~*c*~s~), where the subscripts s and r stand for the sample and reference molecule, which herein is rhodamine 6G. *S* is the intensity of the signal collected using a CCD detector. *Φ* is the fluorescence quantum yield, and *ϕ* is the overall fluorescence collection efficiency of the experimental apparatus. *c* is the concentration. *δ*~r~ is the two-photon absorption cross section of rhodamine 6G.

Cell culture and cytotoxicity studies of CDox
---------------------------------------------

HepG2, HeLa, 4T-1 and NIH 3T3 cells were cultured in Dulbecco\'s Modified Eagle\'s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) in an atmosphere of 5% CO~2~ at 37°C. HepG2, HeLa, 4T-1 and NIH 3T3 cells were seeded into 96-well plates at a density of 1000 cells/well. The next day, various prepared **CDox**, **CH**, or **Dox** (0 - 100 μM) were added into the wells, which were further cultured for 98 h. Next, 100 μL of fresh media containing 10 μL of CCK-8 solution (v/v = 9/1) was mixed with the cells, which were incubated for another 4 h. Lastly, the OD~490~ were read by Thermo Scientific Microplate Reader.

Cell imaging and colocalization study
-------------------------------------

HepG2 and 4T-1 cells were both cultured in Dulbecco\'s Modified Eagle\'s Medium (DMEM) supplemented with 10% fetal bovine serum (FBS) in an atmosphere of 5% CO~2~ at 37°C. The human normal liver cell line HL-7702 cells were cultured in Roswell Park Memorial Institute-1640 (RPMI-1640) supplemented with 10% fetal bovine serum (FBS) in an atmosphere of 5% CO~2~ at 37°C. For imaging of cells with one-photon and two-photon imaging, the cells were seeded into 12-well plates pre-seeded with Ф13 mm glass, then incubated with 5 μM of **CDox**, **CH** or **Dox**. One-photon and two-photon fluorescence images were collected using a Nikon A1R MP Fluorescence Microscope equipped with a femtosecond laser at different time points. For colocalization experiments, lysosome-specific fluorescent probe (Lysotracker^®^ Deep Red) at a concentration of 50 nM was added to the cells at the different times for 5 min, and then the cells were washed with PBS twice. One-photon mode: CH channel: λ~ex~ = 405 nm, λ~em~ = 425-475 nm; Dox channel: λ~ex~ = 488 nm, λ~em~ = 570-620 nm. Two-photon mode: CH channel: λ~ex~ = 800 nm, λ~em~ = 425-475 nm. Lysotracker® Deep Red channel: λ~ex~ = 640 nm, λ~em~ = 663-738 nm. The statistical analyses were performed on three separate biological replicates. A region of interest (ROI) was created around each image and the mean fluorescence intensity of each sample was measured (via the "Measure" function) with Image J software (fluorescence intensity of cells at 6 h was set to 1) and averaged across the three fields imaged.

Animal tumor models and tissue slice treatment
----------------------------------------------

Balb/c female mice (4-weeks-old) were purchased from Shandong University Laboratory Animal Centre (Shandong, China). All procedures for this study were approved by the Animal Ethical Experimentation Committee of Shandong University according to the requirements of the National Act on the use of experimental animals (China). For construction of tumor models, 2×10^6^ of 4T-1 cells were injected subcutaneously into the right flank of the mice. After about two weeks, the tumor volumes reached \~50 mm^3^, and mice were anesthetized for tumor removal. Tumors were cut into 400 μm thick slices with a vibrating-blade microtome, and then the slices were incubated with 10 μM of **CDox** in pH 6.5 media for 0.5 h and 2 h at 37°C. Before imaging, tissues treated with **CDox** were washed with PBS three times.

Two-photon and one-photon imaging for dual turn-on imaging in tumor tissues
---------------------------------------------------------------------------

Two-photon and one-photon imaging of **CDox**, **CH** and **Dox** in tissues were obtained with Nikon confocal and multiphoton microscopes (Nikon A1 MP) with 20 × objective. For two-photon imaging, the excitation wavelength was 800 nm and collected wavelengths were 425-475 nm. For one-photon imaging, the excitation wavelength was 488 nm and collected wavelengths were 570-620 nm.

Results and Discussion
======================

Design and Synthesis of CDox
----------------------------

To demonstrate the above-mentioned design strategy depicted in Scheme [1](#SC1){ref-type="fig"}, we engineered a doxorubicin (**Dox**)-coumarin (**CH**)-based controlled drug release system (**CDox**, Scheme [2](#SC2){ref-type="fig"}) based on the following considerations: 1) Selection of **Dox** as the representative drug. **Dox** is a well-known cytostatic agent and widely used as an anti-cancer drug. Furthermore, **Dox** itself emits red fluorescence (λ~em~ = 595 nm). Thus, **Dox** may serve as both a drug and intrinsic fluorophore. 2) Choice of **CH** as the illustrative fluorescent dye. Coumarin is a blue fluorescent dye with emission at 488 nm, which has nearly no overlap with that of **Dox**. In other words, the emission wavelengths of **Dox** and **CH** are essentially resolved. This could ensure the dual turn-on fluorescence signal feature of the system. Additionally, coumarin dyes generally have favorable two-photon emission properties, which may open up opportunities for two-photon imaging applications of this system in living systems. 3) Selection of C=N-N as the multi-functional linker. C=N isomerization [@B29], [@B30] and N-N free rotation [@B31], [@B32] are the two commonly used mechanisms for quenching fluorescence. Thus, we envisioned that the **CDox** system should show essentially no fluorescence as the fluorescence of **CH** and **Dox** is quenched by these two quenching mechanisms. However, as a pH-responsive group, the C=N moiety in **CDox** can be hydrolyzed under acidic conditions to afford **Dox** and **CH**, which may switch on fluorescence in two channels. Thus, this dual turn-on character can satisfy the need for the design of a controlled drug release system in which the release of the drug can be monitored in real-time by dual turn-on fluorescence signals. Importantly, the distance between **Dox** and **CH** is calculated to be 1.06 nm using a Guassian 09 software, suggesting that these two units are in close proximity (Figure [S1](#SM0){ref-type="supplementary-material"}). Thus, the hydrolysis rate of C=N may be limited by the steric hindrance effect from these two moieties, which could render the controlled release of the drug from the system. Taken together, the **CDox** system designed herein, could potentially act as a dual turn-on fluorescence-based controlled drug release system involving two-photon emission.

Optical Properties of CDox
--------------------------

UV-Vis absorption and fluorescence spectroscopies were employed to investigate the optical properties of **CDox** in Britton-Robinson (B-R) buffer (10% DMSO). As shown in Figure [1](#F1){ref-type="fig"}A, **CDox** showed a broad absorption band at 400-600 nm, with molar extinction coefficients (ε) of 1.67×10^4^ M^-1^cm^-1^ and 0.98×10^4^ M^-1^cm^-1^ at 430 nm and 500 nm, respectively. Considering the observation that **CH** exhibited strong absorption at 430 nm and **Dox** displayed a broad absorption at 400-575 nm, the absorption spectrum of **CDox** is essentially the superposition of the absorption spectra of the **CH** and **Dox** units. Notably, the absorbance of the**Dox** unit in **CDox** is nearly identical with that of the equimolar **Dox**, while the absorbance of the **CH** unit in **CDox** is significantly lower than that of the equimolar **CH**. This indicates that the C=N-N linker has no interaction with the π-system of **Dox**, while the linker may conjugate with the **CH** unit in **CDox** to disturb its absorption. **CDox** exhibited two very faint fluorescence bands at 488 nm and 595 nm under excitation at 420 nm, and displayed very dim fluorescence at 595 nm under excitation at 500 nm (Figure [1](#F1){ref-type="fig"}B). However, the equimolar **CH** showed strong fluorescence at 488 nm (λ~ex~ = 420 nm), and equimolar **Dox** also exhibited intense fluorescence at 595 nm (λ~ex~ = 500 nm). That is, the fluorescence of the **CH** and **Dox** could be quenched efficiently when these two fluorophores were directly connected via the C=N-N linker. The quenching efficiencies of the C=N-N to the **CH** and **Dox** moieties were calculated to be 90% and 87%, respectively, suggesting that, as designed, the linker can serve as an outstanding fluorescence quencher for these two units in**CDox**.

Controlled release properties of CDox in B-R buffer
---------------------------------------------------

To explore the drug release behaviors of **CDox**, a temperature optimization study was firstly completed. As shown in Figure [S2](#SM0){ref-type="supplementary-material"}, 42°C was the optimal temperature for**CDox** release. However, cumulative curve data at 37°C was nearly the same as data at 42°C. Considering the temperature of biological bodies is 37°C, we chose 37°C to perform all the release experiments. Thus, the time-dependent fluorescence spectra of **CDox** in B-R buffer (10 % DMSO) at pH 4.5-7.4 were collected at 37°C. At pH 4.5, a gradually increased fluorescence band at 488 nm (λ~ex~ = 420 nm) originating from the **CH** fluorophore was markedly observed, and the fluorescence intensity reached the approximate maximum after 40 h (Figure [2](#F2){ref-type="fig"}A, C). Meanwhile, the slightly enhanced fluorescence band at 595 nm arising from the **Dox** unit also emerged because of the relative weak absorption of **Dox** at 420 nm. With excitation at 500 nm, the maximal absorption wavelength of **Dox**, the fluorescence at 595 nm increased drastically, and reached the maximum after about 40 h (Figure [2](#F2){ref-type="fig"}B, D). Namely, the drug release behaviors of **CDox** at pH 4.5 can be simultaneously monitored by the dual turn-on fluorescence signals at 488 nm and 595 nm, respectively. According to the previous reports on the drug release performance of **Dox** and the above-mentioned spectral change of **CDox** at pH 4.5, it can be concluded that **CDox** was hydrolyzed to provide compound **CH** and the drug **Dox** in acidic conditions [@B33], [@B34]. At pH 5.5 and 6.5, the fluorescence bands at 488 nm and 595 nm both increased over time as well (Figure [2](#F2){ref-type="fig"}C, D and Figure [S3](#SM0){ref-type="supplementary-material"}). As shown in Figure [2](#F2){ref-type="fig"}C, D, it can be confirmed that the drug release rate of **CDox** is significantly higher at pH 4.5 than at pH 5.5, 6.5 and 7.4. Furthermore, the release results detected by the HPLC method (Figure [S4](#SM0){ref-type="supplementary-material"}) were nearly consistent with the above-mentioned release data detected by the fluorescence method. The drug release rate of **CDox** is apparently slower than the previously developed **Dox**-based systems probably due to steric effects from the **CH** and **CDox** [@B33]. This could be beneficial for reducing the frequency of dosing and enhancing the effective utilization of medicine. Therefore, **CDox** can be activated in the weak acidic environment, and the drug release process can be potentially monitored by the dual turn-on fluorescence signals from the embedded **Dox** and **CH** fluorophores.

Cytotoxicity study of CDox *in vitro*
-------------------------------------

Time-dependent and dose-dependent cytotoxicity assays were then performed to investigate the activity of **CDox** toward cancer cells (HeLa, HepG2, and 4T-1 cells) and normal cells (NIH 3T3 cells). These cells were incubated with various concentrations (0-100 μM) of **CH**, **Dox**, and **CDox** for 98 h. The cytotoxicity results are shown in Figure [3](#F3){ref-type="fig"}. **CH**, one of the hydrolysis products of **CDox**, had no marked cytotoxicity toward the cancer and normal cells, suggesting that **CH** possesses excellent biocompatibility and can serve as a desirable fluorescence reporter for constructing controlled drug release systems. As shown in Figure [3](#F3){ref-type="fig"}, **CDox** showed time- and dose-dependent cytotoxicity towards cells. The half maximal inhibitory concentrations (IC~50~) of **CDox** were determined to be 4.3, 2.34 and 4.51 μM for HeLa, HepG2, and 4T-1 cells after 98 h incubation, respectively, suggesting that **CDox** can be hydrolyzed to release **CH** and **Dox** in these cells. Compared with the IC~50~ values of free **Dox** (1.11, 0.84 and 1.28 μM, respectively), **CDox** showed lower cytotoxicity towards the cells. Generally, many structure-modified drugs exhibit less cytotoxicity than their parent drug [@B35], [@B36]. Additionally, the accumulation difference caused by the different solubilities of **Dox** and **CDox** possibly lead to the cytotoxicity difference between **CDox** and **Dox**. Notably, the IC~50~ of **CDox** was \>15 μM for NIH 3T3 cells in 98 h, while the IC~50~ of **Dox** was 1.74 μM for NIH 3T3 cells, suggesting that **CDox** could reduce the side effects of **Dox** in normal cells. Taken together, **CDox** could potentially operate as a favorable prodrug to control drug release.

Time-dependent dual turn-on fluorescence evaluation of CDox *in vitro*
----------------------------------------------------------------------

Fluorescence imaging of HepG2, 4T-1 and HL-7702 cells incubated with 5 μM **CDox** was performed to investigate the release dynamics. The time-dependent dual turn-on fluorescence readouts are shown in Figure [4](#F4){ref-type="fig"}, Figure [S5](#SM0){ref-type="supplementary-material"} and Figure [S6](#SM0){ref-type="supplementary-material"}. After incubation for 1 h, nearly no fluorescence was observed in both the **CH** and **Dox** channels in HepG2 and 4T-1 cells. However, the marked dual fluorescence signals emerged after 6 h in HepG2 and 4T-1 cells, suggesting that **CDox** starts to be hydrolyzed to afford **CH** and **Dox** simultaneously. As the incubation time increased, the dual-fluorescence images became brighter, and reached maximum values at 48 h and 80 h in HepG2 and 4T-1 cells, respectively (Figure [4](#F4){ref-type="fig"}A and Figure [S5](#SM0){ref-type="supplementary-material"}A). However, the time-dependent fluorescence in HL-7702 cells was much weaker than that of HepG2 cells with the same treatment (Figure [S6](#SM0){ref-type="supplementary-material"}). Quantified relative fluorescence intensities in the **CH** and **Dox** channels also intuitively confirmed these two turn-on fluorescence signals (Figure [4](#F4){ref-type="fig"}B, Figure [S5](#SM0){ref-type="supplementary-material"}B and Figure [S6](#SM0){ref-type="supplementary-material"}B). These studies indicate that **CDox** could readily undergo hydrolysis to release **CH** and **Dox**. Notably, the morphological changes of the HepG2 and 4T-1 cells were observed after the treatment of **Dox** or **CDox**. When treated with **Dox**, the HepG2 and 4T-1 cells experienced apoptosis in 6 h and 12 h, respectively (Figure [S7](#SM0){ref-type="supplementary-material"}).

Before the treatment with **CDox**, the HepG2 cells kept intact morphologies. However, when treated with **CDox** for 48 h, the HepG2 cells exhibited shrinkage, suggesting that **Dox** may induce apoptosis (Figure [S8](#SM0){ref-type="supplementary-material"}A). Likewise, the 4T-1 cells displayed similar shrinkage after the treatment with **CDox** for 80 h (Figure [S8](#SM0){ref-type="supplementary-material"}B). Significantly, taking advantage of the two-photon properties of **CH** (Figures S9), the drug release process was also monitored by two-photon fluorescence imaging, which utilizes near-infrared light as the excitation source and thus has low damage to living cells. The two-photon fluorescence images in the HepG2 cells (Figure [5](#F5){ref-type="fig"}) and 4T-1 cells (Figure [S5](#SM0){ref-type="supplementary-material"}) became brighter with increasing incubation time, in good agreement with the results in the **CH** channel under one-photon excitation depicted in Figure [4](#F4){ref-type="fig"}. Thus, the drug release process in the living cells also can be monitored by two-photon imaging. To our best knowledge, the controlled release system based on dual turn-on fluorescence signals and two-photon emission constructed herein was described for the first time.

Furthermore, the fluorescence spectra of **CH**, **Dox**, and **CDox** in HepG2 cells were collected to confirm the drug release of **CDox** (Figure [S10](#SM0){ref-type="supplementary-material"}). In the cells, **CH** exhibited a main emission peak at \~460 nm upon two-photon excitation (Figure [S10](#SM0){ref-type="supplementary-material"}A), which is slightly shorter than the emission peak of **CH** (λ~em~ = 488 nm) in B-R buffer (10% DMSO), probably because of the different polarities between the intercellular environment and B-R buffer. After 48 h incubation in the cells, **CDox** also displayed a main emission at \~460 nm, indicating that **CDox** could release **CH** in the cells. As shown in Figure [S10](#SM0){ref-type="supplementary-material"}B, **Dox** showed nearly the same fluorescence spectrum in B-R buffer (10% DMSO) and in the cells. When incubated in the HepG2 cells for 48 h, **CDox** also exhibited an emission peak at \~600 nm, which matches that of **Dox** in the cells. This suggests that **Dox** was released from **CDox** in both the cells. Therefore, these results further confirm that **CDox** could release **CH** and **Dox** simultaneously in living cells.

Drug release dynamics of CDox
-----------------------------

On the basis of the above-mentioned fluorescence imaging studies and the colocalization experiments, the drug release dynamics of **CDox** and temporal distribution of **Dox** in living cells was further explored. As the hydrazone moiety is acid-responsive, the hydrolysis of **CDox** probably occurred in lysosomes (pH 4.5\~6.5). To corroborate this belief, the colocalization experiments were performed using **CDox** and a known lysosome-specific fluorescent probe (Lysotracker^®^ Deep Red) at different incubation times. As shown in Figure [6](#F6){ref-type="fig"}, the dual turn-on fluorescence behavior observed is in good agreement with that in Figure [4](#F4){ref-type="fig"}. The Pearson\'s coefficients between **CH** and Lysotracker were 0.48, 0.63, 0.87, and 0.57 at 6, 12, 18, and 24 h, respectively, while those of **Dox** and lysotracker were 0.38, 0.57, 0.72 and 0.50, respectively. Accordingly, the drug release dynamics of **CDox** is hypothesized and illustrated in Figure [7](#F7){ref-type="fig"}. At 0\~6 h, only a small amount of **CDox** was hydrolyzed in the lysosomes to release **Dox** and **CH**, thus, the Pearson\'s coefficient is low. After a longer incubation time, bright dual turn-on fluorescence was observed at 6\~8 h and the Pearson\'s coefficients increased. This indicates that more**CDox** has been hydrolyzed in the lysosomes. At 18\~24 h, the Pearson\'s coefficients decreased, while the fluorescence of **CH** and **Dox** channels continued to increase, suggesting that **CH** and **Dox** generated from the hydrolysis of **CDox** possibly both escape from the lysosomes. However, during this period, these cells still kept intact morphologies and probably did not undergo apoptosis. At 48 h, these cells showed shrinkage and the cell nuclei condensed, implying that **Dox** escaped from the lysosomes and likely migrated into the nucleus to interact with DNA to induce cell apoptosis at 24\~48 h [@B37]-[@B39]. Taken together, the drug release process of **CDox** and temporal distribution of **Dox** were visually monitored by dual turn-on fluorescence signals, and this may facilitate further design of chemotherapeutic agents with more potent anti-cancer activity.

Drug release studies of CDox in tumor tissues assisted by high-definition 3D imaging
------------------------------------------------------------------------------------

The drug release behaviors of **CDox** in living tumor tissues were further investigated, assisted by high-definition 3D imaging. Living tumor models were constructed by subcutaneous injection of the 4T-1 cells into the right flank of Balb/c mice. As shown in Figure [S11](#SM0){ref-type="supplementary-material"}A, B, when treated with 10 μM **CH** and upon two-photon excitation, the tumor tissues showed strong fluorescence with a penetration depth of \~120 μm. Likewise, the tumor tissues treated with 10 μM **Dox** displayed intense red fluorescence with a penetration depth of \~130 μm (Figure [S11](#SM0){ref-type="supplementary-material"}C, D). These control studies indicate that **CH** or **Dox** can penetrate into the living tumor tissues for biological imaging. After incubation with 10 μM **CDox** for 0.5 h, the tumor tissues exhibited strong fluorescence with a penetration depth of \~70 μm for both the **CH** and **Dox** channels (Figure [S12](#SM0){ref-type="supplementary-material"}). After incubation for 2 h, the tumor tissues showed fluorescence with a penetration depth of \~90 μm in the **CH** channel and \~110 μm in the **Dox** channel (Figure [8](#F8){ref-type="fig"}). The quantified fluorescence intensities of **CDox**, **CH**, and**Dox** at various penetration depths and different incubation times intuitively demonstrate that the penetration depth of the fluorescence in both the **CH** and **Dox** channels increased over time (Figure [S13](#SM0){ref-type="supplementary-material"}). These data suggest that **CDox** undergoes hydrolysis to afford **CH** and **Dox** simultaneously in the living tumor tissues, and the release process can be visually monitored by the two turn-on fluorescence signals. Importantly, high-definition 3D images of the living tumor tissues were obtained, which could intuitively provide the spatial and temporal distribution information of **CDox** in the tumor tissues.

Conclusion
==========

In conclusion, we have developed a novel dual turn-on fluorescence signal-based controlled release system (**CDox**), in which the **Dox** and **CH** were connected by a pH-sensitive hydrazone group. The new **CDox** itself showed nearly no fluorescence; however, when activated under acidic conditions, it can be hydrolyzed to provide **Dox** and **CH** with two distinct turn-on emission bands at 595 nm and 488 nm, respectively. Because the steric hindrance effect from the **Dox** and **CH** moieties limited the hydrolysis rate, the new **CDox** system exhibited desirable controlled release feature. With the aid of the dual turn-on fluorescence at different wavelengths, the dynamics of **CDox** in living cells was monitored in real-time in the two channels simultaneously. Significantly, the spatial and temporal distributions of **CDox** in living tumor tissues were obtained by high-definition 3D fluorescence imaging. We believe that the unique controlled release system described herein may open an avenue for studies of dynamics of chemotherapy drugs, which is of great value for the design of chemotherapeutic agents with improved properties.
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:   dimethyl sulfoxide
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![Illustration of the Dox-coumarin-based controlled drug release system (**CDox**).](thnov08p0800g002){#SC2}

![Absorption (A) and fluorescence (B) spectra of 2 μM **CH**, 2 μM **Dox**, and 2 μΜ **CDox** in B-R buffer (pH = 7.4, 10% DMSO).](thnov08p0800g003){#F1}

![(A, B) Time-dependent fluorescence spectra of 2 μM **CDox** in B-R buffer (pH 4.5, 10% DMSO) under excitation at 420 nm and 500 nm, respectively. Time-dependent cumulative release curves of **CH** (C) and **Dox** (D) at 37°C from 2 μM **CDox** in different pH conditions in B-R buffer.](thnov08p0800g004){#F2}

![Cytotoxicity assays of **CH**, **CDox** and **Dox** toward HeLa (A), HepG2 (B), 4T-1 (C), and NIH 3T3 cells (D) for 98 h. Error bars represent standard deviation (±S.D.), n = 5.](thnov08p0800g005){#F3}

![(A) Fluorescence images of HepG2 cells treated with 5 μM **CDox** for different times. **CH** channel: λ~ex~ = 405 nm, λ~em~ = 425-475 nm. **Dox** channel: λ~ex~ = 488 nm, λ~em~ = 570-620 nm, scale bar: 20 µm. (B) Quantified relative fluorescence intensities in the **CH** and **Dox** channels for different incubation times. Error bars represent standard deviation (±S.D.), n = 3.](thnov08p0800g006){#F4}

![(A) Two-photon fluorescence images of HepG2 cells treated with 5 μM **CDox** for different times. λ~ex~ = 800 nm, λ~em~ = 425-475 nm, scale bar: 20 µm. (B) Quantified relative fluorescence intensities of**CH** in the two-photon channel for different incubation times. Error bars represent standard deviation (±S.D.), n = 3.](thnov08p0800g007){#F5}

![Colocalization experiments of HepG2 treated with 5 μM **CDox** and Lysotracker^®^ Deep Red for different incubation times. **CH** channel: λ~ex~ = 405 nm, λ~em~ = 425-475 nm. **Dox** channel: λ~ex~ = 488 nm, λ~em~ = 570-620 nm. Lysotracker^®^ Deep Red channel: λ~ex~ = 640 nm, λ~em~ = 663-738 nm, scale bar: 20 µm.](thnov08p0800g008){#F6}

![Schematic illustration of the hypothesized drug release dynamics of **CDox**.](thnov08p0800g009){#F7}

![Images of living tumor tissue stained with 10 μM **CDox** for 2 h. (A) Representative two-photon images at a depth of 40 μm; λ~ex~ = 800 nm, λ~em~ = 425-475 nm, scale bar: 50 μm. (B) 3D imaging in two-photon mode. (C) Representative one-photon images at a depth of 40 μm; λ~ex~ = 488 nm, λ~em~ = 570-620 nm, scale bar: 50 μm. (D) 3D imaging in one-photon mode.](thnov08p0800g010){#F8}
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